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Abstract.—Standardization of electrofishing in waters with differing conductivities is critical
when monitoring temporal and spatial differences in fish assemblages. We tested a model that can
help improve the consistency of electrofishing by allowing control over the amount of power that
is transferred to the fish. The primary objective was to verify, under controlled laboratory con-
ditions, whether the model adequately described fish immobilization responses elicited with various
electrical settings over a range of water conductivities. We found that the model accurately de-
scribed empirical observations over conductivities ranging from 12 to 1,030 mS/cm for DC and
various pulsed-DC settings. Because the model requires knowledge of a fish’s effective conduc-
tivity, an attribute that is likely to vary according to species, size, temperature, and other variables,
a second objective was to gather available estimates of the effective conductivity of fish to examine
the magnitude of variation and to assess whether in practical applications a standard effective
conductivity value for fish may be assumed. We found that applying a standard fish effective
conductivity of 115 mS/cm introduced relatively little error into the estimation of the peak power
density required to immobilize fish with electrofishing. However, this standard was derived from
few estimates of fish effective conductivity and a limited number of species; more estimates are
needed to validate our working standard.

The power density produced in water during
electrofishing (Monan and Engstrom 1963; Adams
et al. 1972) and the efficiency with which power
is transferred from water to fish (Kolz 1989) dic-
tate the success of electrofishing. Too little power
precludes immobilization of the fish, whereas too
much power may immobilize the fish before it can
be detected by the collector or may injure the fish
(Reynolds 1996). According to Kolz (1989), the
effectiveness with which power is transferred to
the fish is maximized when the resistivity of the
water and the fish match. When the water has more
resistance than fish (i.e., the water is less conduc-
tive than fish), current tends to flow through the
fish; when the fish has more resistance than water
(i.e., the fish is less conductive than water), current
tends to flow through the water. In either of these
mismatches, the power transferred through the cir-
cuit into the fish is reduced.

Kolz (1989) proposed a model that adjusted the
power transferred to the fish by compensating for
the inefficiency of transfer. The model can be used
to estimate power to be applied to water with dif-
fering conductivities to deliver a constant electric
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power to fish. Kolz’s model is being adopted to
standardize electrofishing in management and re-
search applications (e.g., Burkhardt and Gutreuter
1995; Chick et al. 1999). Nevertheless, the model
has remained untested, except for the work of Kolz
and Reynolds (1989). Accordingly, the first ob-
jective of this study was to test whether Kolz’s
model adequately described fish immobilization
responses elicited experimentally with various
electrical settings over a range of water conduc-
tivities.

Standardization of electrofishing in waters with
differing conductivities is critical when this gear
is used to monitor temporal and spatial changes in
fish assemblages. If Kolz’s power model is ade-
quate, it would facilitate standardized electrofish-
ing by allowing control over the amount of power
that is transferred to the fish. Fundamental to
Kolz’s model is the knowledge of water and fish
conductivities. Conductivity quantifies the ability
of a material to carry an electrical current and is
affected by ionic concentration, composition, and
temperature. Conductivity of fish is also affected
by these variables, but direct measurement is com-
plicated by the variety of electrically dissimilar
tissues and fluids. Furthermore, fish conductivity
is adjusted by a nervous system that functions akin
to a capacitor. Kolz and Reynolds (1989) sug-
gested that the conductivity of fish comprises re-
sistance and capacitive reactance. Kolz (1989) pro-
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posed circumventing measurement of these two
components by focusing on ‘‘effective conductiv-
ity,’’ defined by Kolz (1989) as a measure of the
behavioral response of a fish to an electrical stim-
ulus.

The effective conductivity of fish is likely to
vary according to species, size, and temperature,
among other variables. Because sampling with
electrofishing generally targets several species and
sizes at once, use of species-specific effective con-
ductivity values may not be practical. However, a
generalized value that represents several fish spe-
cies may be useful, although the merit of such a
value would depend on its precision (i.e., the range
of fish effective conductivities). Accordingly, the
second objective of this study was to gather avail-
able estimates of the effective conductivity of fish
to examine the magnitude of variation and explore
whether an average value could help standardize
electrofishing.

Methods

Kolz’s model.—Kolz (1989) postulated the fol-
lowing model based on electrical theory:

PwP 5 , (1)f Mcp

where Pw 5 power density applied to the water
(mW/cm3), Pf 5 power density transferred to the
fish (mW/cm3), and Mcp 5 multiplier for constant
power defined by Kolz (1989) as:

2Cf1 11 2Cw

M 5 , (2)cp Cf4 ·
Cw

where Cw 5 conductivity of water (mS/cm) andCf

5 effective conductivity of fish (mS/cm).
Thus, if Cw 5 Cf in equation (2), then Pw 5 Pf

in equation (1).
The product of water conductivity and voltage

gradient squared, Pw, is

2V
P 5 C , (3)w w1 2D

where D is the distance between electrodes (cm)
and V is voltage. Following Kolz and Reynolds
(1989), peak voltage was used to calculate power
density (i.e., peak power density).

Electrical treatments.—Six electrical treatments
consisting of a range of pulse frequencies were
selected from those commonly produced by com-

mercially available electrofishing equipment.
Electrical treatments included uninterrupted DC
and 110, 60, 30, 20, and 15 Hz pulsed DC (PDC;
rectangular pulses). Pulse durations were fixed at
1 ms. All electrical variables were measured within
the energized field with a Tektronix THS720A os-
cilloscope (Tektronix, Inc., Oregon).

Conductivity levels.—Various water conductiv-
ity levels were prepared by mixing well water (195
mS/cm) with deionized water or sodium chloride
(table salt). Specific conductivity (Cs; mS/cm) and
ambient water temperature (Tw) were recorded
with a YSI 30/10 FT meter (Yellow Springs In-
struments, Ohio). The meter read Cs at specific
temperature (Ts; 258C). However, electrofishing
success depends on ambient water conductivity at
ambient water temperature. Ambient water con-
ductivity (Cw) was estimated from specific con-
ductivity, specific temperature, and ambient water
temperature, as per Reynolds (1996):

CsC 5 . (4)w T 2Ts w1.02

Test tank and power source.—All testing was
conducted indoors in a polyethylene tank measur-
ing 2.0 m long, 0.5 m wide, and 1.0 m deep. The
tank was filled to a depth of 10 cm with well water.
The cross-sectional profile of the tank was
equipped with two 1.6-cm-thick aluminum plate
electrodes positioned 65 cm apart (i.e., D in equa-
tion 3), extending above the water surface, per-
pendicular to the longitudinal axis of the tank.
Electricity was supplied to the plates via a Smith-
Root 15-D POW unit (Smith-Root, Inc., Washing-
ton), modified to allow continuous rather than dis-
crete voltage control, and equipped with supple-
mentary smoothing capacitors to eliminate spikes
and reduce ripples at the peak of the pulses. Con-
ditions within the tank produced a homogeneous
electrical field with a constant voltage gradient.
Homogeneity of voltage gradients within the fields
was verified through direct measurements with
method 2 of Kolz (1993). Enhancements to the
electrofishing unit and the homogeneous field
helped reduce irregularities of behavioral respons-
es and thereby generate predictions that were more
consistent.

Test fish.—Channel catfish Ictalurus punctatus
(27–35 cm total length) were used in all tests. This
species was used because specimens were readily
available from the Mississippi State University
Aquaculture Center, where an electrofishing lab-
oratory was assembled and maintained. Concur-
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rent research to identify immobilization thresholds
of other species has shown that channel catfish do
not exhibit extraordinary behavioral responses and
immobilization thresholds (Dolan and Miranda
2003). Before testing, fish were seined from earth-
en ponds and held in concrete raceways for at least
2 weeks and maintained in good condition on a
diet of artificial food. During testing, fish were
transferred one at a time to the test tank and con-
fined in the area between the two electrodes. After
allowing 3–10 s for the fish to orient, the current
was switched on when the fish oriented perpen-
dicular to either electrode. Each fish was exposed
to an electrical field for 3 s. The immobilization
response (i.e., swimming halted) was recorded in
binary form as 0 for no immobilization and 1 if
the fish was immobilized. We used 8–15 fish for
each water conductivity level and electrical treat-
ment, depending on ease of identifying immobi-
lization threshold. As individuals, fish were treated
only once and to a single voltage gradient, but for
each conductivity and electrical treatment com-
bination, fish were exposed to voltage gradients
stepped from nearly zero to levels 1.5–3 times
higher than those needed to achieve immobiliza-
tion. Step increments in voltage gradients depend-
ed on voltage level and electrical treatment and
ranged from 1.053 to 2.23 per step. The reactions
of each fish were observed and recorded, but fish
were also videotaped via a camera positioned over
the tank; this allowed review of responses to verify
the accuracy of live observations. After testing,
fish were transferred to a holding tank and later
released into a pond.

Testing Kolz’ model.—For each electrical treat-
ment the independent variables peak voltage gra-
dient and Cw level were regressed (logistic re-
gression) against the dependent binary immobili-
zation response. The derived logistic models were
used to predict the voltage gradient required for a
0.95 probability of immobilization (V0.95/cm) at
each Cw level and treatment. To test whether Kolz’s
model adequately represented observed responses
in a range of Cw, we substituted Pw in equation (1)
with the equivalent of Pw (equation 3) and sub-
stituted Mcp with its equivalent (equation 2), so
that

Cf4 ·2V CwP 5 C . (5)f w 21 2D Cf1 11 2Cw

Rearranging equation (5) to solve for voltage gra-
dient (V/D) yielded

2CfP 1 1f 1 2CwV Î5 . (6)
D 4Cf

Equation (6) was then fitted according to electrical
treatment to the V0.95/D and Cw pairs using non-
linear regression with a multivariate secant itera-
tive method (NONLIN procedure; SAS Institute
1996). Adequacy of Kolz’s model was assessed by
examining the magnitude and distribution of the
residuals generated by fitting equation (6) to the
empirical data. Magnitude of residuals was in-
dexed with an R2 statistic (model 1 of Kvalseth
1985) computed as 1 2 S(y 2 ȳ)2/S(y 2 ȳ)2.

Effective conductivity for an average fish.—Re-
gardless of whether Cf values differ statistically
among species, sizes, or DC frequencies, one may
ask whether an average or standard Cf can help
standardize electrofishing. Ideally, separate Cf val-
ues would be available for a wide range of target
fish species, sizes, and electrical settings, but such
specificity would not be helpful in field electro-
fishing, where multiple species and sizes are usu-
ally targeted. Thus, we evaluated the sensitivity of
applying a potentially misspecified standard, Cf ,
on the variability of Mcp. When Cf 5 Cw in equation
(2), Mcp 5 1 because the power density in the fish
is the same as in the water, but when Cf ± Cw ,
then Mcp .1. We examined how Mcp changed rel-
ative to Cf for a range of Cw values increasing from
25 to 1,000 mS/cm. We evaluated high and low
values of Cf selected from those reported in the
literature and from those derived in our study.
Thus, to assess the suitability of an average Cf ,
we evaluated the deviation in Mcp caused by a
potential error in specifying Cf .

Results

Adequacy of Kolz’s Model

In all, the responses of 1,019 channel catfish
were included to estimate 93 immobilization
thresholds (Figure 1). Ambient water conductivity
levels ranged from 12 to 1,030 mS/cm, and ambient
water temperatures from 148C to 218C. Voltages
applied ranged from 3 to 608 V, and voltage gra-
dients from 0.05 to 9.35 V/cm. Levels of V0.95/cm
estimated with logistic regression ranged from
0.15 to 8.08 (Figure 1).

Values of V0.95/cm were related inversely and
curvilinearly to ambient water conductivity (Fig-
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FIGURE 1.—Relation between the voltage gradient required to immobilize 95% of fish (V0.95/cm) and conductivity
of the water (Cw; mS/cm) for DC electrofishing and five pulsed-DC settings (PDC; Hz). Each point was estimated
with 8–15 channel catfish (27–35 cm total length). The nonlinear model fitted to the data (see equation 6) is given
in the upper left panel; Pf is the power density transferred to the fish, Cf is the effective conductivity of the fish,
and Cw is the conductivity of the water. Values in parentheses represent 95% confidence limits.

ure 1). Equation (6) adequately described the ob-
served relation between Cw and V0.95/cm, as in-
dexed by high R2 values that ranged from 0.92 to
0.99. Residual plots showed no anomalous pat-
terns. The Pf values required for immobilization
ranged from 15 to 1,089 mW/cm3 and were lowest
for PDC at 60 and 110 Hz. The Pf values increased
dramatically, as pulse frequency decreased, to a
high of 1,089 for PDC at 15 Hz. Derived Cf values
ranged from 89 to 138 mS/cm and exhibited no
obvious trend relative to electrical setting. The
95% confidence limits for Cf in Figure 1 over-
lapped for all treatments, except for those between
DC and PDC at 30 Hz. However, when variances
pooled over all Cf estimates were used to compute
95% confidence limits, as prescribed by Zar (1999)
for comparisons reliant on confidence interval
overlap, all estimates overlapped, indicating that
no treatment differences could be detected.

Suitability of an Average Fish
Effective Conductivity

An extensive literature search produced few es-
timates of fish conductivity. Absolute fish con-

ductivities were reported by Haskell (1954; 667
mS/cm), Whitney and Pierce (1957; 787–1,025 mS/
cm), Monan and Engstrom (1963; 505–1,266 mS/
cm), and Sternin et al. (1972; 319–3,571 mS/cm).
These estimates were made by measuring differ-
ences in water resistance with and without fish.
We disregarded these estimates because they mea-
sured absolute conductivity of a carcass, instead
of effective conductivity in reference to behavioral
responses. A limited number of estimates of ef-
fective conductivity were available. Kolz and
Reynolds (1989) measured effective conductivity
of 6–9-cm goldfish Carassius auratus in laboratory
tanks. Conductivity of fish was measured at
‘‘stunned immobility,’’ defined as immediate loss
of equilibrium; this contrasted with immobiliza-
tion within 3 s, as defined in our study. Conduc-
tivity was 83 mS/cm for goldfish exposed to DC;
156 mS/cm for those at 60 Hz AC; and 145, 160,
and 137 mS/cm for those at 50 Hz PDC with pulse
widths of 2, 5, and 10 ms, respectively. Using 18–
21-cm channel catfish, Jesien and Hocutt (1990)
conducted similar testing with various PDC and
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FIGURE 2.—Relation between the multiplier for con-
stant power (Mcp) and the conductivity of water (Cw), as
tested in the laboratory with channel catfish. The Mcp

was calculated for effective conductivities of fish (Cf)
of 75 and 175 mS/cm. A Cf of 115 was found to split
the two curves about evenly.

AC settings but included only three water con-
ductivities, not enough to properly fit equation (6).
Liu (1990) reported voltage gradients required to
elicit a fright response in silver carp Hypophthal-
michthys molitrix and bighead carp H. nobilis treat-
ed with 50-Hz AC at seven water conductivities.
Equation (6) adequately fit their data (R2 $ 0.89)
and identified Cf values of 56 mS/cm for bighead
carp and 96 mS/cm for silver carp. Given these
distributions and those measured in our study, fish
effective conductivity values ranging from 75 to
175 were selected for modeling Mcp.

The distribution of Mcp relative to Cw was char-
acterized by U-shaped curves that bottomed at 1
when Cw equaled Cf (Figure 2). The vertical dis-
tance between the U-shaped curves indicated the
potential error resulting from incorrectly speci-
fying Cf and, thus, Mcp. The error increased as Cw

values diverged from the 100–150 span. The Cf 5
75 mS/cm and Cf 5 175 mS/cm U-shaped curves
intersected at Cw 5 115 mS/cm, corresponding to
a Cf that divided the distance between the curves
roughly in half (Figure 2). Thus, in practical ap-
plications an average Cf of about 115 would result
in the least Mcp error forced by a mistaken Cf . If
Cf 5 115 was used to compute Mcp and estimate
Pw required to produce a consistent Pf over waters
with 100 and 400 mS/cm, the Mcp would be 1.05
for 100 mS/cm and 1.53 for 400 mS/cm (Figure 2).
However, if Cf was mistaken and the true value
was 175 (about 50% higher), the Mcp would be
1.08 for 100 mS/cm and 1.18 for 400 mS/cm. This
discrepancy in Cf would have produced differences
in Mcp, and therefore Pf , of 2.9% at 100 mS/cm
and 22.9% at 400 mS/cm. In general, this mises-
timation resulted in a 5% or less Mcp error in waters
with conductivities of 90–145 mS/cm, 10% or less
in conductivities of 70–187 mS/cm, and less than
30% in conductivities of 25–750 mS/cm.

Discussion

Kolz’s (1989) model adequately fitted the em-
pirical Cw and V0.95 matched pairs, suggesting that
the model can help standardize electrofishing in
differing conductivities. The R2 values for the re-
gressions were higher than 0.95, except for PDC
at 15 Hz. At that setting, fish exhibited a vigorous
forced swimming behavior that made it hard to
assert whether the fish had been immobilized with-
in 3 s, even after reviewing recorded videos. This
difficulty probably reduced the precision of ob-
servations. Experimental temperatures that ranged
78C could have introduced additional but trivial
variability because the models fitted already ac-
counted for most of the variability (i.e., R2 values
ranged from 0.92 to 0.99). According to Whitney
and Pierce (1957) temperature influences fish ab-
solute conductivity and thereby possibly effective
conductivity. Overall, variability around regres-
sion parameters was minimal and composed of ex-
perimental error rather than model lack of fit. Al-
though our test of Kolz’s model has implications
for field sampling, testing would have been diffi-
cult under field conditions because the heteroge-
neous voltage gradient would have introduced ad-
ditional error to testing and estimation.

Immobilization within 3 s was chosen as the
reaction to identify a threshold response to elec-
tricity. We suspect that equivalent Cf values could
have been derived had we chosen contiguous be-
havioral responses that have different Pf thresholds
(e.g., fright, immobilization within 1 s). Use of
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other behavioral responses would affect the Pf pa-
rameter in equation (6) (e.g., a lower Pf for fright
response or a raised Pf for immobilization within
1 s) but should not change the Cf parameter, unless
the neural response is substantially different. In
this regard, Kolz and Reynolds (1989) documented
that estimates of Cf made at two threshold re-
sponses were similar and deviated mainly because
of measurement error.

Estimated values of Pf were related to pulse fre-
quency, but those of Cf were not. The amount of
peak power needed to immobilize fish was low for
high-frequency settings and increased as frequen-
cy decreased. This effect may be attributed to lon-
ger off time associated with low-frequency wave-
forms that allow muscles more time to relax before
stimulating them with the next pulse of electricity,
and thus, more time or higher peak power density
is required to immobilize fish (Vibert 1967; Bird
and Cowx 1990). This pattern does not account
for the Pf of DC, which was intermediate between
a PDC of 20 and 30 Hz. However, the mechanism
that produces immobilization is thought to be dif-
ferent for DC. The fluctuating current of PDC re-
portedly produces stimulations of nervous fibers
that lead to immobilization via cramping of mus-
cles, whereas the continuous current of DC either
inhibits or overexcites body cells and muscle fibers
but does not affect the nerve fibers (Lamarque
1967; Vibert 1967). A relationship between Cf and
pulse frequency was expected given that effective
conductivity integrates tissue resistance and ca-
pacitive reactance, which may respond differently
to diverse pulse patterns. The absence of such a
relationship may reflect the small range in Cf , the
inability to measure Cf more precisely, or both.
Kolz and Reynolds (1989) found no relationship
between Cf and pulse widths of 2, 5, and 10 ms
delivered by a PDC of 50 Hz. However, they re-
ported DC resulted in the lowest effective con-
ductivity, and noted a positive relation between
frequency and conductivity (not tested statistical-
ly). Although our results also showed that DC was
associated with the lowest Cf value, Cf estimates
did not differ statistically among treatments.

The question of whether an effective conduc-
tivity for an average fish—115 mS/cm being sug-
gested—would partially standardize electrofishing
was considered by evaluating the sensitivity of Mcp

to a 650% estimation error in fish effective con-
ductivity. In general, the effect of misestimating
Cf on Mcp was less than 30% in conductivities of
25–750 mS/cm. These deviations are relatively
small when compared to variability in voltage gra-

dients. In a typical electrofishing field, voltage gra-
dient ranges from 0.01 to 2 V/cm or higher (Kolz
1993). In this context, the effect of a misestimated
Cf would not seriously impede efforts to standard-
ized electrofishing over waters with different con-
ductivities. Our study showed that a 115-mS/cm
standard for effective conductivity introduced rel-
atively little error in estimating standard power.
However, that standard was derived from the few
estimates of effective conductivity available for a
limited number of fish species; more estimates are
needed to validate our working standard.

Kolz’s power transfer model adequately pre-
dicted the peak power density required to elicit
immobilization over a wide range of water con-
ductivities. The model can help standardize elec-
trofishing by allowing use of fixed peak power over
waters with diverse conductivities, reducing var-
iability resulting from inconsistent application of
electrical power. Standardization can be achieved
through equation (1). Beginning with a Pf recog-
nized as the target, the user adjusts voltage to
achieve a Pw that yields the target Pf under existing
Cw conditions. Target Pf values may be determined
experimentally or empirically. Under controlled
experimental conditions, Dolan and Miranda
(2003) identified Pf thresholds required to immo-
bilize eight fish species of diverse sizes. Those
thresholds can be reproduced in the field by man-
aging power applied to the water (methods de-
scribed by Novotny 1990; Kolz 1993). Alterna-
tively, Burkhardt and Gutreuter (1995) standard-
ized Pf empirically by fixing Pf at a level identified
to yield superior catch rates. Although partial stan-
dardization occurs when operators of electrofish-
ing equipment regulate voltage or amperage to ad-
just for local conditions and maximize catch rates,
Kolz’s model provides a scientific method that re-
moves operator bias from the standardization pro-
cedure. Nevertheless, because a multiplicity of
factors affect catch variability (Reynolds 1996),
Kolz’s model cannot solve all standardization co-
nundrums posed by electrofishing.

Standardization of electrofishing can help re-
duce the variability of survey data and potentially
reduce injury to fish. With no standardization, dif-
ferences among collections can be partially attri-
buted to disparities in electrofishing efficiency and
not primarily to disparities in fish abundance, pop-
ulation structure, or fish assemblage composition.
Adoption of a standard power transfer over ranging
conductivities should be central to standardization
programs. In one study, standardization of power
transfer improved predictability of electrofishing
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catch rates by about 15% (Burkhardt and Gutreuter
1995). Moreover, injury to fish attributed to elec-
trofishing can often be traced back to exposure to
excessive power levels (Snyder 1995). Thus, stan-
dardization of power transferred to fish can also
minimize injury and mortality. Nevertheless, be-
cause electrofishing is an active capture method
applied to changing microenvironments, complete
standardization is probably impossible with pre-
sent technology, but standardization of controlla-
ble variables is still advisable.
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